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IT IS WELL KNOWN THAT VASCULAR bifurcations are prone to atherolosclerosis and plaque. The branching causes flow separation, low wall shear stress (WSS), and oscillatory flow (2, 4, 9) . Advances in percutaneous coronary interventions have led to a large increase of coronary stenting for treatment of bifurcation lesions. In-stent restenosis and stent thrombosis remain a clinically significant problem, however, for bifurcations after complex dual stenting. Stent struts affect flow field at the wall and within the lumen flow as strut protrusion into the lumen can occur in bifurcations. Disturbed flow may increase the accumulation of platelets and other thrombogenic factors (3, 9, 13, 14) .
Although stenting in main branch (MB) is nearly always performed in functionally significant stenosis, the treatment option for side branch (SB) is still unclear. Clinical studies found that stenting both branches of a bifurcation seems to be comparable or inferior to stenting MB alone (1, 26) . Additionally, clinical studies by Kobayashi et al. (20) and Colombo et al. (11) found that shorter stents had more favorable clinical outcome. The potential mechanical basis for these clinical observations has not been determined. To clarify this observation, we hypothesize that double stenting, especially with a longer SB stent, has a negative effect on endothelial WSS, WSS gradient (WSSG), and oscillatory shear index (OSI). To test this hypothesis, we developed computational models of dual stents at bifurcations simulations. The models were then interfaced, meshed, and solved in a validated finite-element package. Simulations of stents at the SB and provisional stenting (PS) were compared to support the above hypothesis.
METHODS
Three-dimensional computational models of stents and bifurcations were created in Pro/Engineer, which is a computer-aided design package. The models were then interfaced, meshed, and solved in well-validated finite-element and computational fluid dynamic packages (ANSYS with FLOTRAN, Canonsburg, PA). Figure 1 shows the dual stent geometry simulating a modified T-stenting technique with standard slotted tube stents and the position of stents relative to the bifurcation. The vessel diameter and bifurcation angle were selected as 3 mm and 60°, respectively, based on common morphometry of human coronary arteries (10, 22) . The T-stenting procedure simulated is a very common interventional procedure. The shorter SB stent only covered the stenosis, whereas longer SB stent was 30% longer than the lesion (11) . For PS, only one stent was placed in the MB. The meshes of the stent and fluid consisted of highly structured and refined elements to ensure the accuracy of simulation results. About 2.8 million mesh elements were used in the simulations. A mesh convergence test showed that doubling the number of elements only resulted in Ͻ2% difference in the average WSS. The WSS distributions also did not change significantly. Hence, the mesh density was deemed sufficient for the simulations.
The density of the blood was taken as 1,060 kg/m 3 (3, 4) . The blood was modeled as incompressible, with flow based on human left coronary artery pulsatile velocity measurements applied at the inlet of vessel. The mean and maximum flow velocities were 9 and 17 cm/s, respectively, at 60 cycles/minute frequency (4, 28) . For the outlet of the vessels, a traction free boundary condition was imposed, as in the publications of Stroud et al. (29) and Lorthois et al. (24) on bifurcations. The flow was assumed to be nonturbulent, since the Reynolds number in the coronary artery is an order of magnitude lower than that required for turbulence (Reynolds number Ͼ 4,000) and Womersley number was ϳ2.1. At the wall interface, we assumed no slip between blood and the endothelium and no permeability of the vessel wall. The no-slip and no-penetration boundary conditions were applied at the stent strut surfaces. Undersized refers to stent diameter being 10% undersized compared with vessel diameter, while correct size refers to stent diameter being equal to vessel diameter.
The WSS was computed and time averaged for the cardiac cycle. The time-averaged WSS distributions were then plotted. The WSS is the frictional force per unit area caused by the blood flow to the vessel wall. The laws of physics (conservation of mass and momentum) that describe the blood motion along with the mathematical definitions of WSSG, OSI, and non-Newtonian blood are outlined in the APPENDIX.
RESULTS
The WSS distributions with shorter SB stent (A) and longer SB stent (B) are shown in Fig. 2 . The longer SB stent adversely affected the hemodynamics of the SB. The quantitative comparisons are detailed in Figs. 3 and 4. Figure 3 shows lower WSS, higher WSSG, and higher OSI in the SB for dual stenting with longer compared with shorter SB stent, likely due to more stent struts in the longer stent. The low WSS region is up to 50% more in the longer than the shorter SB stent, as well as the PS (Fig. 3) .
The stent struts lower WSS and disrupt smooth distribution of WSS, which elevate the WSSG. The SB stent struts increase the WSSG compared with the case of PS, while SB in the case of PS has higher OSI. The cutoff value for determination of lower WSS, higher WSSG, and higher OSI were 3 dyn/cm 2 , 100 dyn/cm 3 , and 0.1, respectively. Shorter SB stenting reduces the negative effects on the rest of the SB. Figure 4 shows that dual stenting with shorter SB stenting increases WSS, while decreasing WSSG and especially reducing the OSI at the SB. These indicate that shorter SB stenting as well as PS (single) provide more favorable hemodynamics than dual stenting with longer SB stent (Fig. 4 ). Flow disturbances due to the SB stent struts protruding into the main lumen flow field are shown in Fig. 5A , left. The flow disturbances were much less without the SB struts protruding as in the case of PS (Fig. 5A , right). The velocity profile at the two stents' intersection region demonstrated disturbed flow, as it is no longer a smooth parabolic velocity profile as that of proximal segment to the dual stents' intersection ( Fig. 5B ).
DISCUSSION
The major finding of the study is that the simulations predict a negative hemodynamic role for SB stenting, which is exaggerated with a longer stent, consistent with clinical trial findings that dual stenting is comparable or inferior to PS. Although shorter SB stent (only to cover the stenosis) reduces negative effects on the SB, lowering the OSI compared with PS, the WSSG increased, however. Additionally, the SB stent struts still protrude into the main lumen flow, which may increase risk of thrombosis. These simulations suggest that integrated dedicated bifurcation stent without the struts' protrusions is likely to be more beneficial.
These findings are consistent with clinical outcomes as shown by Maeng et al. (26) and Assali et al. (1) . These clinical studies found that stenting both branches of a bifurcation seems to be comparable or worse than stenting MB alone. Assali et al.
(1) reported a clinical trial using one vs. two stents at bifurcations and found that, at 6 mo, major adverse cardiac event rates were similar between the two groups: 10.7 vs. 12%. Additionally, Maeng et al. (26) reported in a 5-yr follow-up of the Nordic Bifurcation Study that the clinical outcomes after PS remained at least equal to the double stenting of the main vessel and the SB. It was reported that the combined safety and efficacy endpoint of cardiac death, nonprocedure-related myocardial infarction, and target vessel revascularization were 15.8% in the PS group vs. 21.8% in the double-stenting group.
Low WSS has been long known to affect atherogenesis and the progression of atherosclerosis. A significant correlation between shear stress and in-stent restenosis and thrombosis has also been established (17, 18, 21, 32) . Figures 2-4 show that the dual-stent struts lower WSS and create unsmooth distribution of WSS, thereby elevating WSSG, which may make the vessel wall more vulnerable to biological reactivity (5) (6) (7) 31) . Even for single stenting, clinical trials found that shorter stents had more favorable clinical outcome (11); i.e., it was reported that the 6-mo major adverse cardiac events and target lesion revascularization rates were better for the shorter stent group. For bifurcations, due to reduced flow in the SB compared with a straight vessel without divided flow, the stent struts have even more negative impact on the SB. The longer SB stent also increases OSI, a measure of the extent of oscillatory behavior of flow, which has been found to promote pathological processes in arteries (19) . The oscillatory shear and associated reversed flow were found to reduce nitric oxide, which may lead to endothelial dysfunction and platelet adhesion (25) .
Flow disturbance due to SB stent. Flow obstruction and disturbance due to the SB stent struts protruding into the lumen flow (Fig. 5 ) may be inducive to thrombosis (15) . The velocity profile at the intersection region demonstrated disturbed flow, as it is no longer a smooth parabolic velocity profile as that of the proximal region. It was suggested that clinical complications may arise, since bifurcation stenting often does not achieve continuous stent coverage of the SB ostium and the bifurcation branches and thus led to a number of malapposed struts (12, 16) . It has been observed that the late stent thrombosis tends to localize at the sites of carinas, where strut malapposition and flow disturbances are likely to occur (12, 16, 30) . Struts left unapposed in the lumen disturb blood flow, do not elute drug delivery to the vessel wall, and may increase the incidents of both in-stent restenosis and stent thrombosis.
Implications for drug eluting stent. In the case of drug eluting stent (DES), it is known that delayed endothelization predisposes to stent thrombosis. The denuded vessel wall is more susceptible to leukocyte adhesion and platelet accumulation, which may amplify the problem of stent thrombosis. The potential mechanisms include effects of delayed endothelialization and persistent fibrin (16) . These mechanisms have been known to correlate with late stent thrombosis, which occurs in DES (23) . Neointimal hyperplasia tends to form at sites of bifurcations where flow is disturbed. Although DES suppresses the neointimal growth, disturbed flow is associated with increased risk for thrombosis (2, 3, (12) (13) (14) . Farb and Boam (15) reviewed the Food and Drug Administration panel finding that the annual stent thrombosis rates range from 1 to 4%, which is a significant clinical issue. Using separate stents and fitting them together will likely disrupt smooth WSS distribution and increase WSSG. Furthermore, the region of stent intersection is usually the bifurcation focal area (carina), which has the propensity to atherosclerosis, as it is a region of low WSS (2, 4, 5, 6) . Although shorter SB stent reduces negative effects on SB, the SB stent struts still protrude into the main lumen flow, which may increase risk of thrombosis.
Potential biomechanical concerns may exist for various two-stent techniques. In the culotte technique, two layers of metal struts are overlapped in the proximal portion of the main vessel. The existence of two layers of metal struts at that region may not be desirable, as the adverse effects of struts on endothelium and local WSS may be amplified. In the crush and mini-crush techniques, part of the SB stent is crushed using high-pressure noncompliant balloon. This increases solid intramural wall stress and may cause injury in the carina region. The current simulations suggest that integrated dedicated bifurcation stent without the strut protrusions may reduce this risk, but this remains to be proven.
The present simulations and analysis may help predict the risk of in-stent restenosis and stent thrombosis. Since in vivo large-animal testing of stents is expensive, and the animals need to be maintained over long periods of time to allow for tissue remodeling, computational modeling is a useful adjunct tool for investigating the effects of various stenting techniques. Using these tools, along with animal testing, will reduce costs and time. These insights may lead to novel hypotheses that can then be tested in clinical studies, as well as novel designs of dedicated bifurcation stents.
Limitations of study. The arteries may be tortuous, but become straight once the stent is implanted. Since the clinically observed restenosis mainly occurs within the stented region, straight segments were simulated here. Additionally, as stent struts strongly alter the WSS locally, the effect of curvature is expected to be much less than the effects of struts. Stent tapering was not considered in the present model, which may result in the narrower end having higher WSS, as the flow accelerates. Prolapse of tissue between struts was not modeled, which may influence intrastrut WSS. This effect, however, is not expected to be nearly as strong as the effect of stent struts. Nonturbulent models were used, since the Reynolds numbers for the various cases ranged from 70 to 110. This range is an order of magnitude smaller than the Reynolds number for transition to turbulence (2,300 -4,000). The effect of changing angulation was not taken into account, which may affect the hemodynamic profile at the carina region. Finally, it is possible (at least theoretically) that stent cell and strut geometry could influence shear stress values and distribution. Summary. Our simulation study suggests more favorable hemodynamics in shorter SB stents that scaffold the critical ostium region. This hypothesis is worthy of clinical validation, where shorter stents are compared with longer ones. The present models provide the foundation for future comparison of the effects of various dual-stenting techniques (i.e., T stenting, V stenting, culotte, etc.). These findings may provide guidance for optimal interventional strategy for specific type of bifurcations.
APPENDIX
The governing equations for blood flow are the Navier-Stokes and continuity equations; i.e., conservation of momentum and mass:
where V is fluid velocity, t is time, p is fluid pressure, is fluid mass density, is fluid dynamic viscosity, ٌ ¡ is the gradient operator, and D is the fluid rate of deformation tensor.
The WSSG, which has been found to expand intracellular gap junctions and disrupt intracellular junctions, is defined as:
where w,z and w, are WSS in the axial and circumferential directions, respectively. The OSI is a measure of the extent of oscillatory behavior of flow, which has been found to promote intimal hyperplasia and endothelial dysfunction. The OSI is defined as:
where T is time period. Both WSSG and OSI were computed once the respective stress components were calculated from the computational fluid dynamics analysis. For the non-Newtonian blood property, the Carreau model was used, to account for the shear thinning behavior of blood:
where is the effective blood viscosity; ϱ ϭ 0.0035 kg·m Ϫ1 ·s Ϫ1 and 0 ϭ 0.25 kg·m Ϫ1 ·s Ϫ1 are the blood viscosities at infinite and zero shear rates, respectively;␥ is the shear rate; ϭ 25 s is a time constant associated with the viscosity changes with shear rate; and n ϭ 0.25 is a power law index (8, 27) .
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